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Abstract 

The  FLOXCOM  Project  is  aimed  to  develop  technology  for  clean  and  efficient  gas  turbines,  operating  at 
high  temperatures.  It  is  based  on  the  technologically  innovative  combustion  solution — flameless  oxidation. 
The  investigation  is  directed  towards  the  validation  of  engineering  feasibility  of  the  flameless  oxidation 
technology  for  the  production  of  operating  pilot  combustors  that  will  demonstrate,  advantages  including 
among  others,  improved  performance  relating  to  low  NOx  levels,  maintaining  uniform  combustor  wall 
temperatures,  uniform  fuel  stream  injection  and  more,  resulting  in  an  increased  mean  time  between  failure 
(MTBF)  and  reliability  of  the  gas  turbine.  Combustion  chambers  for  gas  turbines  and  jet  engines  differ 
from  conventional  industrial  furnace  design  by  being  “adiabatic”  (without  heat  extraction  inside  the 
combustor)  and  by  operating  at  elevated  pressures.  Consequently,  the  aero-thermodynamics  of  the  internal 
flow  requires  a  different  approach.  The  present  paper  is  concerned  with  the  thermodynamic  relationships  of 
gas  turbine  flameless  oxidation.  A  detailed  analysis  of  the  different  operational  scheme  options  is  described. 

It  is  shown  that  the  thermodynamic  process  and  operational  parameters  within  the  present  low-NOA  gas 
turbine  combustor  are  principally  different  to  those  of  industrial  furnace  operating  in  the  flameless  oxi¬ 
dation  mode  of  combustion. 
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Nomenclature 

A  cross-section  area  (m2) 

Cp  specific  heat  capacity  (J/(kg  K)) 

K  recirculation  rate,  K  mr/ (mas  +  mf ) 
m  mass  flow  rate  (kg/s) 

O  oxygen  content  (mass  percentage) 

T  temperature  (K) 

V  velocity  (m/s) 

X  relative  specific  heat  capacity,  Cp/Cpa 

9  relative  temperature,  T/  Ta 

/ux  relative  mass  flow  rate,  mx/ma 

p  density  (m3/kg) 

0  equivalence  ratio 

Subscripts 
a  air 

c  combustion 

e  exit 

r  recirculation 

s  stirred 


1.  Introduction 

The  pollutant  formation  processes  in  a  gas  turbine  are  associated  with  the  combustor  design 
and  operational  conditions  [1-4,6,9,11,12].  The  nature  of  pollutant  formation  is  such  that  the 
concentrations  of  carbon  monoxide  and  unburned  hydrocarbons  are  highest  at  low-power  con¬ 
ditions  and  diminish  with  increased  power.  In  contrast,  oxides  of  nitrogen  and  smoke  are  fairly 
insignificant  at  lower  power  settings  and  attain  maximum  values  at  the  highest  power  condition. 
Characteristic  trends  are  summarized  in  Table  1  and  sketched  in  Fig.  1  for  conventional  gas 
turbines. 

The  thermal  NO  has  an  exponentially  dependent  on  temperature.  Thus,  the  reduction  in 
temperature  emerges  as  the  main  strategy  for  controlling  thermal  NO,  emission  from  gas  turbines. 


Table  1 


Aircraft  turbine  engine  emissions  depending  on  operating  conditions 


Emission  type 

Primarily  associated  with  engine  operating  at 

h2o,  co2,  so. 

All  power  settings 

Smoke  (C) 

All  power  settings 

CO 

Low  power,  ground  idle 

UHC 

Low  power,  ground  idle 

NO, 

All  power  settings,  increase  with  power 
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Idle  Power  Setting 


Take-off 


Compromises  involved  between  emitted  species  and  the  “low-emission  window”  (after  [13]). 


The  second  objective  should  be  to  eliminate  the  hot  spots  from  the  reaction  zone.  Indeed,  there  is 
little  point  in  achieving  a  satisfactory  low  average  temperature  if  the  reaction  zone  contains 
localized  regions  of  high  temperatures  in  which  the  rate  of  NO*  formation  remains  high.  Finally, 
the  time  available  for  the  formation  of  NO*  should  be  kept  to  a  minimum.  Reduction  of  thermal 
NO  by  both  the  flame  temperature  and  residence  time  reduction  is  readily  accomplished  by 
increasing  the  flow  of  air  into  the  primary  zone.  However,  the  reduction  of  the  NO*  emissions  by 
reducing  the  reaction  temperature  and/or  residence  time  can  have  an  adverse  effect  on  the  com¬ 
bustion  stability,  the  production  of  CO  and  UHC  or  even  thermal  efficiency.  Prompt  NO  emis¬ 
sions  can  be  reduced  by  (1)  replacement  of  hydrocarbons  by  other  fuels;  (2)  very  lean  combustion; 
or  (3)  very  rich  combustion  in  the  primary  zone.  The  presence  of  fuel  bound  nitrogen  results  in  the 
formation  of  substantial  quantities  of  fuel  NO.  The  process  is  less  temperature  dependent  than  the 
thermal  route  and  reduction  of  flame  temperature  does  not  markedly  reduce  nitric  oxide  formed 
in  this  way.  Control  of  fuel  NO  is  thus  directed  toward  either  utilization  of  fuel  rich  conditions 
that  reduce  fuel  nitrogen  components  to  molecular  nitrogen  or  removal  at  the  exhaust. 

The  requirement  to  simultaneously  minimize  all  three  NO*  formation  rates  without  producing 
unacceptable  levels  of  other  pollutants  still  remains  as  a  formidable  task  for  which  there  is  cur¬ 
rently  no  simple  solution.  The  effort  in  previous  works,  as  well  as  in  the  one  presented  here,  are 
mainly  concentrated  on  reducing  the  main  NO  formation  route  i.e.  thermal  NO  emissions.  An 
overall  understanding  of  the  problems  involved  in  combustor  design  for  reducing  all  pollutant 
emissions  simultaneously  can  be  gained  by  referring  to  Fig.  2  in  which  the  emissions  of  CO  and 
NO*  are  plotted  against  primary  zone  temperatures  for  a  hypothetical  conventional  combustor. 
This  figure  shows  that  too  much  CO  is  formed  at  temperatures  below  1600  K,  while  excessive 
amounts  of  NO*  are  produced  at  temperatures  higher  than  1730  K.  Only  in  the  fairly  narrow 
band  of  temperatures  are  the  levels  of  both  CO  and  NO*  below  mandated  values.  This  region  is 
referred  as  the  low-emission  window.  The  underlying  principle  of  all  the  technical  approaches, 
described  in  the  next  chapter,  is  that  of  maintaining  the  combustion  zone  (or  zones)  within  a  fairly 
narrow  range  of  temperatures  over  the  entire  power  range  of  the  engine. 
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Exhaust  Gas  Recirculation  Ratio 

Fig.  2.  Schematic  of  flame  stability  limits  (from  [15])  (temperatures  are  relative  to  ambient). 


2.  Flameless  oxidation 


The  present  work  selected  a  promising  combustion  concept  based  on  internal  flue  gas  recir¬ 
culation.  As  stated  earlier,  flue  gas  recirculation  is  efficient  in  NOx  reduction  but  limited  by  the 
maximal  quantity  of  recirculated  gas  since  in  normal  ambient  air  vitiation  may  lead  rapidly  to 
blow-off  [4,5].  Nevertheless,  it  was  experimentally  found  by  Wiinning  [14]  that  under  special 
conditions,  a  stable  form  of  combustion  is  possible  for  high  recirculation  rates  of  exhaust  gases. 
Note  that  here  only  exhaust  gas  recirculated  into  combustion  air  and  fuel,  before  the  reaction 
flame  front,  is  considered  to  be  recirculated  exhaust  gas.  The  recirculation  of  hot  products  into  the 
flame  to  improve  flame  stabilization  is  not  considered  as  recirculated  exhaust  gas. 

Fig.  2  shows  a  schematic  diagram  of  the  stability  limits  for  different  combustion  modes. 
Concerning  FGR,  stable  flames  (zone  A)  are  possible  over  the  whole  range  of  combustion 
chamber  temperature  if  air  is  not  vitiated  providing  that  sufficient  amount  of  combustion  prod¬ 
ucts  are  recirculated  for  flame  stabilization.  At  ambient  temperature  this  conventional  combustion 
regime  is  limited  for  recirculation  rates  up  to  low  exhaust  recirculation  rates  (ERR  =  0.3).  For 
higher  recirculation  rates,  the  flame  becomes  unstable  (zone  B),  as  already  observed  in  many 
experimental  works,  the  flame  lift-off  and  finally  blowout.  However,  if  the  temperature  of  air  is 
high  enough,  the  recycling  rate  may  become  large  (here  around  ERR  =  2.5)  and  the  fuel  can  react 
in  a  very  steady,  stable  form  of  flameless  oxidation  (zone  C). 

It  was  suggested  by  Wiinning  [14]  that  if  the  diluted  air  temperature  exceeds  the  fuel  auto¬ 
ignition  temperature,  the  fuel  ignites  automatically  and  continuous  combustion  is  sustained. 
Auto-ignition  temperatures  of  gaseous  fuels  are  dependent  on  kinds  of  fuel  and  concentration  of 
oxygen  of  the  diluted  air.  It  therefore  appears  experimentally  that  a  stable  combustion  domain 
exists  for  high  ratio  of  exhaust  gas  recycling.  Under  ideal  conditions,  such  combustion  was  re¬ 
ported  to  takes  place  without  any  visible  or  audible  flame,  for  that  reason  it  was  named  flameless 
oxidation  [15].  It  has  also  been  reported  that  the  flame  never  emitted  bright  emission.  It  is 
important  to  note  that  conditions  for  flameless  oxidation  are  conditions  in  which  ordinary 
combustion  can  not  be  sustained  with  ambient  temperature  combustion  air. 
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To  explain  the  observation  of  Wiinning  [14],  it  is  interesting  to  consider  the  combined  effect  of 
high  temperature  air  and  increased  inert  content  of  a  mixture  on  flame  stability.  Katsuki  and 
Hasegawa  [2]  observed  that  for  a  diffusion  flame  the  conditions  for  flame  stabilization  are  such 
that  the  temperature  of  the  inlet  gases  has  to  be  increased  if  the  oxygen  concentration  is  lowered. 
Actually,  very  diluted  air  with  oxygen  content  as  low  as  3%  can  sustain  combustion  when  it  is 
preheated  up  to  1200  K. 


3.  Flameless  oxidation  characteristics 

The  main  characteristic  of  the  flameless  oxidation  mode  is  the  uniform  thermal  field  obtained. 
The  presence  of  exhaust  gas  recirculation,  at  high  recirculation  rates,  reduces  the  temperature  rise 
during  the  reaction  by  a  few  hundred  degrees.  In  addition,  it  was  shown  that  the  influence  of  air 
preheating  on  NOv  emissions  became  small  with  increased  dilution.  Steep  gradients  and  large 
temperature  and  concentration  differences  are  characteristic  of  flame  combustion  whereas  the 
flameless  oxidation  mode  is  much  more  homogeneous.  The  heat  release  due  to  combustion 
reaction  is  distributed,  yielding  a  dispersed  and  moderate  temperature  rise.  In  contrast  to  the 
diffusion  flame,  no  high  gradients  of  temperature  and  species  concentration  are  observed.  The 
temperature  profiles  of  flameless  oxidation  are  lower  than  in  non-diluted  diffusion  flames  and 
uniformly  distributed.  The  principal  advantage  is  that  by  avoiding  peak  temperatures,  the  thermal 
NO  formation  can  be  largely  suppressed,  even  at  the  highest  air  temperatures. 

The  present  work  proposes  a  new  application  of  flameless  oxidation  to  an  adiabatic  system 
typical  of  gas  turbine  combustor.  The  ultimate  goal  of  the  study  is  to  provide  an  innovative  gas 
turbine  combustor  combustion  method  for  high  operating  temperatures  and  pressures  capability, 
which  can  reduce  both  fuel  consumption  and  NOv  emission. 


4.  Fundamentals  of  thermodynamics  parameters  of  the  present  flameless  oxidation  combustor 


Several  schemes  of  the  adiabatic  combustion  with  a  high  recirculation  rate  of  the  combustion 
products  were  considered.  The  analysis  considers  a  schematic  construction  of  a  combustor  that 
includes  the  following  modules  [7];  an  inlet  for  the  fresh  air  that  can  be  split  into  different  air 
streams;  a  combustion  section  that  consist  of  fuel  inlet  and  a  large  toroidial  vortex  and  an  exhaust 
section.  Two  mixing  section  exists;  between  air  stream  and  combustion  products,  directing  the 
mixture  into  the  combustion  zone  and  between  combustion  products  and  another  air  stream, 
directing  the  mixed  gases  to  the  combustor  outlet.  It  seems  that  there  are  only  three  possible 
different  schemes  of  the  adiabatic  combustion:  (a)  Splitting  the  air  inlet  to  two  fractions:  one  is 
stirred  with  a  portion  of  the  combustion  products  of  the  recirculation  zone.  This  mixture  is 
recycled  to  the  combustor.  The  other  one  dilutes  the  combustion  products  till  the  required  exhaust 
temperature  and  is  directed  to  the  turbine,  it  was  named  as  combustor  of  type  “A”;  (b)  Part  of  the 
fresh  air  is  stirred  with  the  all  combustion  products.  A  portion  of  this  mixture  is  recycled  to  the 
combustor  and  the  other  is  diluted  by  the  other  part  of  the  fresh  air  and  is  then  directed  to 
the  turbine,  it  was  named  as  combustor  of  type  “B”;  (c)  This  scheme  is  a  combination  of  the 
previous  two  mentioned  schemes,  this  option  named  as  combustor  of  type  “C”.  Assuming  perfect 
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combustion  (100%  efficiency),  a  calculation  procedure  for  the  thermodynamic  parameters  and  the 
oxygen  mass  fraction  at  every  point  of  the  combustion  is  demonstrated.  Based  on  this  study  the 
performance  of  the  FLOXCOM  1  combustor  is  calculated.  Detailed  calculation  for  the  type  “A” 
combustor  is  performed  as  an  example.  Wiinning  [14]  pointed  out  that  only  exhaust  gas  recir¬ 
culating  into  combustor  before  the  reaction  flame  front  could  be  considered  as  recirculating  gas. 
The  recirculation  of  hot  products  into  the  flame  to  improve  flame  stabilization  is  no  considered  as 
the  recirculating  gas.  Fig.  2  shows  a  schematic  diagram  of  the  stability  limits  for  difference 
combustion  modes.  The  author  did  not  provide  any  information  about  the  oxygen  mass  fraction 
inside  of  the  recirculation  zone,  even  though  it  is  one  of  the  principal  data  of  the  flameless  oxi¬ 
dation.  To  obtain  the  flameless  oxidation  and  the  associated  low-NOx  emissions,  a  critical 
requirement  is  to  avoid  direct  combustion  before  the  dilution  of  air  with  burnt  gases.  Intense 
mixing  of  air  with  a  significant  amount  of  the  burnt  gases  before  combustion  is  essential  and 
therefore  mixing  must  be  enhanced  in  the  preparation  process  prior  to  combustion. 

To  date,  only  non-adiabatic  systems  of  the  furnace  type  have  been  considered.  Heat  absorption 
by  heated  materials  in  the  furnace  as  well  as  heat  losses  that  exists  in  practical  systems  are  influ¬ 
encing  factors  in  defining  the  gas  temperature  in  the  furnace  and  consequently  the  temperature  of 
the  recirculated  gas.  The  reduced  temperature  level  of  burnt  gases  as  well  as  recycling  flow  rate 
largely  affect  the  flame  temperature.  In  such  non-adiabatic  systems  the  flame  temperature  can  be 
controlled,  keeping  the  global  equivalence  ratio  constant  by  varying  the  preheat  air  temperature  and 
the  recycling  rate  of  burnt  gases  and  the  internal  heat  absorption.  Contrary  to  this,  in  the  case  of  an 
adiabatic  combustor  [8],  the  thermodynamic  parameters  of  the  recirculating  and  the  exhausting 
gases  are  determined  by  aerodynamic  and  thermodynamic  processes  inside  the  combustor  only. 

The  following  model  describes  some  principal  relationships  of  the  internal  thermodynamics  and 
enables  to  evaluate  the  conditions  required  to  achieve  flameless  oxidation  in  an  adiabatic  com¬ 
bustion  system.  The  FLOXCOM  combustor,  is  considered  as  an  example  and  a  procedure  of 
calculation  of  thermodynamic  parameters,  mass  flow  rate,  and  oxygen  content  at  every  stage  of 
the  FLOXCOM  combustor  is  described. 


5.  Optional  schemes  for  an  adiabatic  flameless  oxidation  (FLOXCOM)  combustor 


Two  principal  schemes  of  the  internal  flow  inside  of  the  FLOXCOM  combustor  are  considered 
in  scheme  “A”  (Fig.  3)  fresh  air  is  split  at  the  junction  1.  One  part  of  the  fresh  air,  mas  is  stirred 


1  FLOXCOM  is  an  European  funded  FP5  Contract  No.  ENK5-CT-2000-00114  and  is  performed  by  a  Consortium 
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Fig.  3.  Scheme  A  (air  is  mixed  with  the  combustion  products,  Te  and  Ts  are  independent  each  from  other). 


with  the  combustion  products,  mr,  at  the  junction  2.  Fuel  is  injected  to  this  mixture  ( mx  +  mas)  at 
junction  3.  After  mixing  with  fuel,  combustion  occurs.  At  junction  4,  the  combustion  products, 
mr  +  mas  +  mf,  are  split;  one  portion,  mr,  returns  to  combustor  through  the  junction  2  and  the 
other,  mas  +  mf,  is  mixed  with  the  dilution  air,  mad,  and  is  exhausted  from  the  combustor.  Scheme 
“B”  differs  from  scheme  “A”  in  the  fact  that  the  stirring  air,  mas,  is  initially  stirred  with  the 
combustion  products,  mx  +  +  mf,  (junction  2)  and  thereafter  the  mixture,  mx  +  +  mf  +  mas, 

is  split  at  the  junction  3;  one  part,  mx  +  m"s,  returns  to  the  combustor  and  the  other  is  diluted  by 
fresh  air,  ma d,  and  is  exhausted  from  the  combustor.  Schematic  drawing  of  the  possible  combustor 
aerodynamics  for  scheme  A  is  shown  in  Fig.  4.  Scheme  “B”  differs  in  points  2  and  4:  where  the 
combustion  products  are  mixed  with  stirring  air  and  thereafter  the  mixture  is  mixed  with  the 
diluting  air.  It  should  be  mentioned  that  both  schemes  are  extreme  cases  of  the  adiabatic  com¬ 
bustor  with  high  recirculation  rate.  The  real  practical  process  is  located  in  between  and  will  be 
considered  later. 


6.  Heat,  mass  and  oxygen  balance 

In  the  following,  the  major  assumption  for  the  calculations  are  given: 

•  Inlet  air  temperature  Ta,  inlet  mass  flow  rate  ma,  combustion  and  exit  temperatures  Tc  and  TQ 
respectively,  recirculation  rate  K  and  fuel  properties  are  considered  as  prescribed  values. 
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•  A  perfect  adiabatic  combustion  is  assumed. 

•  The  initial  fuel  enthalpy  in  the  heat  balance  is  neglected. 

Stirring  air  and  dilution  air  mass  flow  rates,  stirred  gas  mass  flow  rate,  stirred  gas  temperature 
and  oxygen  percentage  contents  in  every  stage  of  the  combustion  must  be  found. 

Combustor  type  “A”  (see  Figs.  3  and  4). 

6.1.  Heat  and  mass  balance 

The  assumption  is  that  here  combustion  products  are  mixed  directly  with  part  of  the  inlet  air  to 
form  the  exhaust  mixture  (no  stirred  gas  in  the  exhaust  gases).  Therefore,  stirred  gas  temperature 
Ts  can  be  calculated  from  heat  balance  between  air  and  combustion  gases  (junction  2): 

Cpa  ’  Ta/was  T  CpC  •  Tc  •  vnv  —  CpS  •  Ts  •  {jnv  T  ^as)*  (1) 

Taking  into  account  notations  for  0,  2  and  //,  the  expression  for  the  relative  stirred  temperature 
may  be  written  as 

n  /As  T  2C  •  0C  •  /ir  ,  . 

6s  — q  7  :  r~  •  (2) 

2S  •  (fij.  +  /A*) 

According  to  definition  of  the  recirculation  rate 
mr  —  K  •  (mas  +  Wf),  and  so 
Hr=K-  (Mas  +  Mf)- 

Now  the  expression  for  the  relative  stirred  gas  temperature  may  be  re-written  in  the  following 
form: 
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n  _  Mas  +  y  '  Ac  '  K  •  (ftas  +  ftf)  _  \  +  ■  {K  +  fij Has) 

As  •  [(V  +  1)  •  Mas  +  K  '  Mf]  As  •  (K  +  1  +  K  ■  ji{/ /ias) 

One  can  see  that  minimal  Ms  —  1  corresponds  to  recirculation  ratio  K  —  0  and  maximal,  9S  —  8C, 
K  —  oo.  The  dependences  of  stirring  temperature  on  inlet  parameters  and  combustion  tempera¬ 
ture  are  shown  in  Figs.  5  and  6  (the  values  from  x  were  taken  from  Ref.  [3]).  One  can  see  that  even 
in  low  recirculation  ratio,  temperature  before  combustion  can  achieve  stable  combustion  condi¬ 
tions. 

The  ratio  /%/ /jas  depends  on  9S  that  is  unknown.  So  as  a  first  approximation  value  9S  may  be 
calculated  as  an  average  magnitude  between  combustion  temperature  9C  and  exit  temperature  0e. 
After  that  it  can  be  refined. 

Ratio  between  air  flow  rate  mad,  that  is  required  for  dilution  and  between  the  air  flow  rate  for 
the  stirring  gas  mas  can  be  found  from  the  following  heat  balance  equation: 

Fpa  ’  ^a^ad  T  FpC  *  Tc  •  s  T  TWf)  Fpe  •  7^  •  (/Wad  T  ^as  T  ^f)-  (4) 


</) 

CD 

■N 

0) 


Q> 


Relative  combustion  temperature  0C 

Fig.  5.  Dependence  relative  stirring  temperature  on  relative  combustion  temperature,  K  =  3. 


Fig.  6.  Influence  of  inlet  temperature  and  recirculation  ratio  on  stirring  temperature. 
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Taking  into  account  notations  for  6,  X  and  this  equation  may  be  written  as 

Vaa! Vas  +  Xc  ■  9C  ■  (1  +  [i(j /ias)  =  Xe  ■  0e-  (/iad/ /ias  +  1  +  /if/ /ias). 


VaA  Oc  ■  9c  -  Ae  •  6e)  •  (1  +  /if//ias) 


/' 


as 


yip  •  dp  —  1 


(6) 


This  value  does  not  depend  on  the  recirculation  ratio  K. 

Eqs.  (3)  and  (6)  enable  to  calculate  stirred  gas  temperature  and  dilution  air  to  stirred  air  ratio 

Tad  I T  as* 

As  total  air  mass  flow  rate  ma  is  a  sum  of  stirred  air  and  dilution  air, 

^ad  +  ^as  =  /Wa,  SO  jUad  +  jUas  =  1 , 


their  fractions  can  be  written  in  the  following  way: 
For  stirring  air  fraction: 

1 

1  +  Tad/  Tas 

For  dilution  air  fraction: 


(7) 


Tad  1  Tas’  (^) 

The  relative  partition  between  the  stirring  and  diluting  air  fractions  are  determined  by  the 
combustion  temperature,  inlet  air  temperature  and  the  gas  exit  temperature  and  are  not  dependent 
neither  on  the  recirculation  rate  nor  on  the  stirred  temperature.  The  values  /rls  and  /iad  can  be  also 
found  from  the  following  considerations.  As  air  is  heated  from  Ta  to  Te,  relative  fuel  flow  rate 
can  be  calculated  according  to  equivalence  ratio  and  Tas  (see  for  example  [10,  Fig.  20]).  The 
value  pij /rls  may  be  found  using  similar  considerations  and  according  to  the  known  heating  from 
Ta  to  Tc.  Thus, 

ras  =  Vi! Uf/iO  and>  according  to(8),  /(ad  =  1  -  /tas. 


6.2.  Oxygen  balance 

Oxygen  to  the  recirculation  zone  is  supplied  by  the  stirring  air  and  it  temperature  rises  from  Ta 
till  Tc.  Equivalence  ratio  &c  for  such  temperature  increase  may  be  found  in  [10,  Fig.  20].  Mass 
percentage  content  of  oxygen  in  the  combustion  product  (after  combustion)  is 

Oc  (%)  =  23  •  (1  —  $as)/(l  +  /tf//las).  (9) 

It  is  important,  that  content  of  oxygen  in  the  combustion  zone  does  not  depends  on  K. 

The  percentage  oxygen  content  in  the  stirred  gas  (before  combustion)  may  be  found  from 
oxygen  balance  for  the  stirring  zone: 


Oc  •  mY  +  23  •  mas 


Os  •  (mr  +  mas). 


(10) 
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Taking  into  account  the  above  relationship  for  the  recirculation  rate  K ,  the  percentage  oxygen 
content  in  the  stirred  gas  may  be  written  through  the  relative  mass  flow  rate  values: 

Q  _  Qc  •  K{\  +  fjfj_ ft as)  +  23  ,  . 

s“  (*+!)+*. ^  •  1  J 


Minimal  value  is  Os  =  Oc(l  +  /rf//ras)  and  it  corresponds  to  recirculation  ratio  AT  =  oo  and 
maximal,  Os  =  23,  K  —  0. 

The  percentage  of  oxygen  content  at  the  exit  of  the  combustor  may  be  found  from  the 
equivalence  ratio  (according  to  the  known  combustion  temperature  rise  and  inlet  air  tem¬ 
perature  [10,  Fig.  20]: 

Oq  =  23  •  O,  •  (1  -  <2>e)/(l  +  mr/m,).  (12) 


It  is  clearly  seen  that  the  oxygen  percentage  does  not  depends  on  the  recirculation  ratio.  From  the 
other  hand,  this  value  may  be  found  from  oxygen  mass  balance: 

Oq  •  (mas  +  m,d  +  /wf)  23  •  m,d  +  Oc  •  (mas  +  m{). 


Or,  at  the  relative  values 


Qc  •  (M as  +  M f)  +  •  /iad 

1  +  Tf 


It  is  obviously  that  results  of  Eqs.  (12)  and  (13)  must  be  identical  and  they  may  be  used  for  oxygen 
balance  checking.  Figs.  7  and  8  show  that  oxygen  content  before  combustion  and  even  within  the 
combustion  products  is  much  more  than  these  values  for  industrial  furnaces.  This  presents  the 
main  difference  between  low-NOx  combustion  process  in  industrial  furnaces  and  within  gas  tur¬ 
bines. 

In  combustor  type  “B”,  similar  results  should  be  obtained  since  the  same  initial  conditions 
exists  for  air  mass  flow  rate,  the  inlet  temperature  and  the  fuel  flow  rate. 


Fig.  7.  The  oxygen  content  at  the  combustion  products  as  a  function  of  inlet  temperature. 
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Inlet  temperature,  K 

Fig.  8.  Dependence  oxygen  mass  content  (%)  within  the  stirring  gas  (before  combustion)  on  the  inlet  temperature  and 
recirculation  ratio. 

7.  Conclusion 


A  review  of  the  flameless  oxidation  combustion  mode,  relevant  to  gas  turbines  and  jet  engines  is 
given.  The  adiabatic  combustion  with  high  internal  recirculation  rate  was  considered.  Assuming 
perfect  combustion  (100%  efficiency),  a  procedure  for  calculating  the  thermodynamic  parameters 
and  the  gas  properties,  at  the  each  stage  of  the  combustion  process,  is  developed.  It  is  shown  that, 
due  to  maximal  combustion  temperature  restriction,  the  oxygen  content  remain  at  significant 
value.  The  oxygen  content  at  the  end  of  the  combustion  zone  increases  when  the  difference  be¬ 
tween  combustion  and  air  inlet  temperature  decreases.  This  is  a  significant  feature  of  the  present 
low-NOx  combustion  process.  It  is  different  to  the  conventional  process  in  gas  turbines  where 
complete  combustion  is  assumed  in  its  primary  zone.  The  model  can  be  considered  for  preliminary 
estimation  of  thermodynamic  parameters  of  the  FLOXCOM  combustor  as  well  as  its  gross 
dimensions.  It  enables  to  obtain  the  initial  data  needed  for  further  detailed  study  of  the  aero- 
thermodynamic  and  chemical  processes  by  CFD  codes. 
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